Heterogeneous nucleation in a system
INTRODUCTION
Theories on homogeneous nucleation are abundant. However, in nature alien particles acting as impurities are more than likely to exist, thus making heterogeneous nucleation studies more applicable to actual applications in the environment or industry. In realistic situations, it is most likely that the number, size, and species of the impurities are different for each system when the phase transition occurs. According to Skripov (1973) and Debenedetti (1996) , because nucleation is a highly stochastic phenomenon, small variations in different systems can trigger thermal fluctuations that will induce the system to undergo the phase transition even if the overall initial thermodynamic conditions are identical. Hirth and Pound (1963) modified the free energy term of the classical nucleation theory to incorporate seed particles that were deliberately inserted into the system. The concentration of seed particles is especially pertinent when dealing with cloud chamber experiments since particles become charged during the nucleation events, as stated by Winkler et al. (2008a) . Mitarai et al. (2015) changed the concentration of surfactant molecules to enhance methane clathrate hydrate formation Winkler et al. (2008b) also studied how the seed particle size will affect heterogeneous nucleation. Moreover, numerous studies on what species induces atmospheric events have been carried out experimentally by Kirkby et al. (2011) . However, controlling the impurities exactly in experiments is impossible, and monitoring how the seeds interact with the vapor in real time is also challenging.
Therefore, theories and simulations have been incorporated to better the understanding of how impurities can influence nucleation. Kuni et al. (1997) conducted a thorough theoretical study on droplet nucleation under various thermodynamic conditions. Cao and Yang (2015) developed a theoretical model that includes thermal fluctuations interacting with a wall, which will alter the free energy barrier. Nomura et al. (2000) made a model that predicts the generation of silver particles through nucleation when seeds are present. Molecular simulations provide the progression of the occurrence of nucleation, which is essential in understanding the mechanism and pathway of the phase transition process. Yasuoka et al. (2000) conducted molecular dynamics simulations on a slit pore to understand the vapor-to-liquid phase transition phenomenon occurring in a confined space. Toxvaerd (2002) investigated walls with different attractive forces, where at the weak wall greater vapor density was found near the surface and at the stronger wall prewetting occurred. The effect of an impurity in a metastable vapor system was first reported by Inci and Bowles (2011) , followed by Suh and Yasuoka (2011) . Shape effects of the impurity were further studied by Yasuoka (2012, 2016) and Suh et al. (2015) . Although most seed particles will tend to be polyatomic, a fundamental study on growth around monatomic seeds is interesting because the results can act as a bridge between homogeneous and heterogeneous nucleation around small seeds such as ions.
Therefore, in this study molecular dynamics is used to simulate a metastable vapor consisting of different seed concentrations at varying supersaturation ratios. The purpose of the study is to elucidate the seed concentration effect on systems that have low supersaturation ratios, where spontaneous nucleation is unobservable for a given time frame. The heterogeneous nucleation rates are calculated by the Yasuoka and Matsumoto (1998a,b) method. The following sections will provide a brief review of the analysis methods, succeeded by the simulation setup and the results.
ANALYSIS METHODS
The following two methods are used to analyze nucleation, which is thoroughly explained in Suh and Yasuoka (2013) .
Kinetic Analysis
According to Yasuoka and Matsumoto (1998a,b) , the attachment and detachment rates can be analyzed through defining the transition probability β of an n-mer to an (n + k)-mer during ∆t, which is 10 ps in Eq. (1). The denominator is the time average of M n,n+k (t), which is the number of size change events at a certain time. The attachment and detachment rates are calculated by Eqs. (2) and (3), respectively:
Cluster Formation Free Energy Analysis
The method used to analyze the cluster formation free energy was also that used in Yasuoka and Matsumoto (1998a,b) . The cluster formation free energy ∆G(n) of an n-mer in Eq. (4) requires the equilibrium number density ρ eq (n) in Eq. (5). The steady-state number density ρ ss (n) and nucleation rate J M D (where MD denotes molecular dynamics) can be obtained from the simulation results. Thus, through Eqs. (2) and (3), B(n) in Eq. (6) can be attained. The equilibrium (eq) number density of monomers is assumed to be equal to that of the steady-state (ss) number density
SIMULATION SETUP
A constant particle number, volume, and temperature ensemble was applied to multiple systems of Lennard-Jones particles with a carrier gas that acts as a thermal reservoir. The system is cubic with a fixed length of 24.41 nm, where periodic boundary conditions are applied. A carrier gas is essential to be able to extract the excess latent heat generated from nucleation without directly influencing the phase transition. Yasuoka and Zeng (2007) and Wedekind et al. (2007) have thoroughly examined the effects of the carrier gas and concluded that there is a quantitative increase in the nucleation rate; however, for a ratio near unity, as in this study, the difference is insignificant. There are three types of molecules, which are target, carrier, and seed, and the pairwise interactions follow Ohguchi et al. (2000) :
where r is the distance between two atoms; σ is the molecular length 0.3405 nm; ε is the potential well depth 1.67 × 10 −21 J; and cc, cs, ct, ss, and tt denote the carrier-carrier, carrier-seed, carrier-target, seed-seed, and targettarget pairwise interactions, respectively. The interactions between target molecules are governed by Eq. (7), which is the equivalent to the conventional Lennard-Jones 12-6 potential. For the seed-seed molecule interactions, the potential well depth is 10 times stronger than that of target molecules and the Lorentz-Berthelot rules are applied for cross interactions. When a carrier molecule interacts with any other molecule, only repulsive interactions remain. The number of seeds is included in the target molecules, thus the total number of molecules in the system is always constant at 21,952. To prepare the initial system, the molecules are initially placed in a simple cubic lattice state and labeled by carrier, target, or seed. During the equilibration process, all molecules, regardless of label, are set to have only repulsive interactions for 1 ns at a fixed temperature of 144 K.
The velocity Verlet algorithm was used for the time integration and the time step was 10 fs throughout the entire simulation. A cutoff radius of 4.5σ was used to widely incorporate attractive forces with no tail correction because the system is not isomorphic. Molecules were identified to be in the same cluster when they were within 1.5σ. Five supersaturation ratio values (S = 2.22, 3.04, 4.27, 5.17, and 6.16) were examined, which correspond to 114.96, 109.8, 104.64, 102.06, and 99.48 K, respectively. The supersaturation ratio is defined as the actual system number density over the equilibrium number density. Therefore, S can be controlled by simply modifying the system temperature, which will vary the equilibrium number density of the system.
The simulation conditions are summarized in Table 1 , where the shaded areas denote the conditions that resulted in typical nucleation and the unmarked areas denote no nucleation at all. 
RESULTS AND DISCUSSION
Previous studies by Suh et al. (2008) have found no homogeneous nucleation during the observed time frame of 4 ns for supersaturation ratios under 6. Therefore, monatomic seeds were added to the lower supersaturation ratios. Figures 1(a)-1(d) depict a few of the cluster distribution plots for various systems. Figure 1(a) shows a system in which only one cluster can be seen to have grown. The problem is that the nucleation rate cannot be calculated by the Yasuoka-Matsumoto method unless there are at least two clusters that have grown. Therefore, two more replications were conducted for cluster distributions that resembled Fig. 1(a) , where these systems are denoted by ≪ in Table 1 . Figure 1(b) is a case in which the growth of an embryo is only temporary, and therefore was designated as a non-nucleation occurrence event. The size of this temporary embryo is comparable with the critical nucleus size, thus the thermal fluctuations pull back the growing cluster keeping it from growing. Figures 1(c) and 1(d) show the pronounced effect of 100 seeds on the system. The incline in the slopes for Figs. 1(c) and 1(d) for all threshold values shows nucleation occurring for steady-state conditions, whereas a drop after the peaks happens due to coalescence of clusters that have grown larger than the corresponding threshold values. The nucleation stage for higher S values is longer, but the slopes for clusters larger than 20 and 30 are nearly identical, which is evident in Fig. 2 . This illustrates multiple seed effects in contrast to homogeneous nucleation. The heterogeneous nucleation rates for the number of seeds (n seed = 1, 2, 5, 10, and 100) were calculated. Absent values within Fig. 2 are those that did not have any observable nucleation within the given time frame of 4 ns. In general, as more seeds were added to the system, nucleation could be observed for lower supersaturation ratios. A saturation of the concentration effect could also be seen for systems with 100 seeds, which means the addition of seeds does not perpetually increase the nucleation rate. Focusing on one supersaturation ratio, the seed concentration effect is visualized in Fig. 3 , where the increase in the number clearly affects the largest cluster size. For 100 seeds, the difference in the growth mechanism is significant, where coalescence becomes prominent as can be seen by the jumps in the evolutions. Coalescence also plays a major role in hindering dissolution of clusters to vapor because the embryos with seeds coagulating keep the clusters intact. Free energy curves are plotted in Fig. 4 , where Fig. 4(a) shows the results for all supersaturation ratios having 100 seeds. The peaks for all S values are located similarly, which is reasonable considering that the nucleation rates for 100 seeds in Fig. 2 are close. In contrast, Fig. 4(b) shows that 100 seeds have a clearly lower free energy barrier and smaller critical nucleus size. Furthermore, the systems in which nucleation was not observable had no distinct maxima. The kinetic analysis results in Fig. 5 show significant differences, where Fig. 5(a) shows detachment predominating and clusters unable to grow beyond 30. In the case of Fig. 5(b) the sum of the attachment and detachment crosses into positive around 17, which can be considered the critical nucleus size and is similar to that found from the free energy curve in Fig. 4(a) . 
CONCLUSIONS
Heterogeneous nucleation on a system with varying seed concentrations was conducted by molecular dynamics to elucidate how the seed number density can affect nucleation. The addition of the seeds clearly activated nucleation in systems that had low supersaturation ratios; however, the increase in the nucleation rate was not infinite because the system size was finite. A clear understanding of how the number of seeds decreases the free energy barrier is presented along with the kinetic attachment and detachment rate variations. The trends in the free energy barriers coincided with the nucleation rates, which is consistent with the classical nucleation theory. The results from this study can be applied to applications that use concentration effects.
